X(3872) in a hot pion bath by Cleven, Martin et al.
ar
X
iv
:1
90
6.
06
11
6v
1 
 [h
ep
-p
h]
  1
4 J
un
 20
19
X(3872) in a hot pion bath
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Right since its discovery in 2003 by the Belle collaboration, establishing the nature of the X(3872)
meson has been one of the main priorities in the field of quarkonium physics. Not qualifying as a
conventional cc¯ state, the multiquark structure of this exotic meson has received very different inter-
pretations, ranging from a compact tetraquark configuration to an extended DD¯∗ + c.c. molecule.
In this work we explore the effect that a hot pion bath may have in the properties of the X(3872),
assuming this state to be a DD¯∗ + c.c. molecule. We derive the finite temperature effects on the
X(3872) from a coupled channels unitarized amplitude, obtained including the properties of the
charmed mesons under such conditions. We find that the X(3872) develops a subtantial width, of
the order of a few tens of MeV, in hot pionic environments at temperatures 100-150 MeV, and its
nominal mass moves above the DD∗ threshold. The fact that the X(3872) in a hot pion gas may
no longer be a narrow resonance needs to be considered in the estimation of production yields in
relativistic heavy-ion collisions.
PACS numbers: 13.75.Lb,14.40.Rt, 25.75.-q
I. INTRODUCTION
The discovery of the X(3872) shortly after the turn of the century [1], followed by its confirmation by various
collaborations [2–5], was a milestone in quarkonium physics. For the first time a charmonium state was seen that is
at odds with the interpretation as a conventional cc¯ state. Until this day its true nature has not been determined
unambigiously. While a conventional charmonium state is ruled out, various alternative interpretations have been
given. On one side, the vicinity of the X(3872) mass to the DD∗ threshold inspires the models which treat the
X(3872) as a molecular DD∗ bound state with a small binding energy [6, 7]. Other models treat the X(3872) as a
bound diquark and antidiquark (tetraquark) state [8, 9]. These are the most known and most frequently discussed
models of the X(3872), although there are also more exotic ideas, for example an approach of Ref. [10] treats the
X(3872) as an admixture of two and four-quark states. For an overview of the situation and a detailed discussion of
the various models see the reviews [11–13] and references therein.
In most cases the various interpretations study whether the generation of the X(3872) within their model fits
the charmonium spectrum or whether the branching fractions for two- or three-body decays match the experimental
observations. And so far it has not been possible to determine the structure of the X(3872), since the existing data
can be well explained by quite different models. The situation, however, may change if one applies the above discussed
molecular or tetraquark models to describe the production of exotic charmonium in hadronic reactions, for example
pp [14, 15], or in relativistic heavy ion collisions [16–20].
High energy heavy ion collisions offer an interesting scenario to study the production of multiquark states in
general, and the X(3872) resonance in particular [16–20] . Assuming that the production mechanism proceeds from
the coalescence of its constituents, the ExHIC collaboration showed that the yield of the X(3872) strongly depends
on its internal structure [16–18]. In particular, at RHIC and LHC energies the X(3872) production yield is about 20
times smaller for a tetraquark configuration than for a molecular structure.
This difference can become even stronger if one takes into account the further X(3872) tetraquark evolution in the
hadronic phase [19, 20]. The point is that if X(3872) is a tetraquark it will be produced (by coalescence of quarks and
antiquarks) at the end of the hadronization of the quark-gluon plasma generated in the collision; while if X(3872) is
a molecular state it will be formed by hadron coalescence much later at the end of hadronic phase evolution, at the
so called kinetic freeze out. Thus, after being produced at the end of the quark gluon plasma phase, the X(3872)
tetraquark interacts with other hadrons during the expansion of the hadronic matter. The X(3872) can be destroyed
in collisions with the comoving light mesons, mostly pions, for example in the reaction X(3872) + π → D + D¯; and
at the same time some X(3872) particles can be generated through the inverse reactions, i.e. D+ D¯ → X(3872)+ π.
The detailed study of all possible hadronic reactions performed in [20, 21] has shown that at highest RHIC energies
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2the final production yield of the X(3872) considered as a tetraquark state becomes about 80 times smaller than that
for a DD∗ molecule [20], a result which relied on the production yield of the molecular X(3872) state calculated in
the hadron coalescence model of the ExHIC collaboration [16, 17].
Based on these studies, one may therefore tend to interpret the fact that the X(3872) particle has so far not been
seen in heavy ion experiments in favor of its tetraquark composition. However, the hadron coalescence model used to
calculate the production yield for the molecular X(3872) state [16–18] does not consider its possible modification in
the hot hadronic (actually pionic) medium. This is the subject of this letter.
We study the behaviour of X(3872) in a finite-temperature pion bath, which we consider to be the first level
approximation of the matter generated in ultrarelativistic heavy ion collision, under the assumption that it is a
molecular state formed by charmed meson interactions. From our previous study on how charmed mesons behave
under such conditions, see Ref. [22], we know that the charmed D and D∗ mesons acquire a substantial width,
reaching for example values of the order of 30 − 40 MeV at a temperature T = 150 MeV. Since we assume that the
X(3872) is generated by the interactions of these charmed mesons, the modification of their spectral functions will
necessarily affect the properties of this composite state and, consequently, its production yields.
II. FRAMEWORK
In this section we describe the framework employed to obtain the properties of the X(3872) resonance, generated
from the interactions of the charmed mesons in a pionic medium. These interactions are described by a combination
of SU(4) effective Lagrangians introduced by Gamermann et al. in Refs. [23, 24] and the Imaginary Time Formalism
(ITF) [25, 26] in a self-consistent approach. Details of the formalism can be found in our earlier work [22], where the
D and D∗ properties in a hot pionic gas were obtained from the Dπ and D∗π interactions.
Consistently, in the present work we also employ the SU(4) effective Lagrangians to obtain the DD∗/DsD
∗
s coupled
channel interaction leading to the generation of the X(3872) with JPC = 1++ and I = 0 quantum numbers. The
scattering potential between a vector and a pseudscalar meson is given by
Vij(s, t, u) = −
ξij
4f2
(s− u) ǫ · ǫ′ , (1)
where s and u are the usual Mandelstam variables and ǫ, ǫ′ are the polarization vectors of the vector mesons involved
in the vertex. In the case studied here, where the relevant channels are DD¯∗+ c.c. and DsD¯
∗
s + c.c., the parameter f ,
which in the SU(3) sector stands for the pion decay constant, is replaced by that of the heavyD-meson, fD = 165 MeV.
The matrix of coefficients ξij is given by:
ξ =
(
−ψ − 2 −
√
2
−
√
2 −ψ − 1
)
, (2)
where ψ is a SU(4)-breaking parameter, defined as ψ = −1/3 + 4/3(mL/mH′), which accounts for the different mass
of the mesons that can be exchanged in a t-channel diagram that would be approximated by the point-like potential
of Eq. (1). In the present DD∗/DsD
∗
s coupled channel case one may exchange light type mesons (ρ, ω, φ,K
∗), for
which we assume a common mass mL ∼ 800 MeV, or the heavy J/Ψ one, with mass mH′ ∼ 3000 MeV.
The corresponding s-wave projection of this potential in then used as the kernel for the Bethe-Salpeter equation,
which implicitly sums the multiple meson-meson scattering processes to all orders. Within the on-shell formalism this
simplifies to a simple algebraic equation that can be easily solved as
T = (1− V G)−1V ~ǫ · ~ǫ ′ , (3)
for the scattering of vector mesons off pseudoscalar ones. The diagonal matrix G contains the two-meson loops and
reads
Gii(s) = i
∫
d4q
(2π)4
1
[q2 −m21 + iε][(P − q)2 −m22 + iε]
(4)
=
1
16π2
[
α+ log
m21
µ2
+
m22 −m21 + s
2s
log
m22
m21
+
p√
s
(
log
s−m22 +m21 + 2p
√
s
−s+m22 −m21 + 2p
√
s
+ log
s+m22 −m21 + 2p
√
s
−s−m22 +m21 + 2p
√
s
)]
, (5)
where the index i refers to the pair of mesons with massesm1 and m2, p is the on-shell three-momentum of the mesons
in the c.m. frame and P 2 = s. The scale µ is set to 1.5 GeV and the subtraction constant used here is α = −1.26.
3With this model and parameters the X(3872) emerges as a pole of the scattering amplitude a couple of MeV below
the averaged DD∗ threshold.
The properties of the X(3872) resonance in a hot pionic gas will be derived from a temperature dependent amplitude
obtained by solving Eq. (3) with a two-meson loop function G that incorporates the medium effects. Within ITF, the
meson-meson loop at finite temperature reads
GMM ′ (P
0, ~P ;T ) =
∫
d3q
(2π)3
∫
dω
∫
dω′
SM (ω, ~q;T )SM ′(ω
′, ~P − ~q;T )
P 0 − ω − ω′ + iε [1 + f(ω, T ) + f(ω
′, T )] , (6)
where f(ω, T ) = [exp(ω/T )−1]−1 is the meson Bose distribution function at temperature T , while SM (ω, ~q;T ) denotes
the spectral function of meson M ,
SM (ω, ~q;T ) = −(1/π)Im(DM (ω, ~q;T )) , (7)
which is related to the imaginary part of the meson propagator given by
DM (ω, ~q;T ) = [ω
2 − ~q 2 −m2M −ΠM (ω, ~q;T )]−1 . (8)
The quantity ΠM (ω, ~q;T ) is the meson self-energy, which is obtained from closing the pion line in the Mπ → Mπ
amplitude diagram, leading to
ΠM (p
0, ~p;T ) =
∫
d3q
(2π)3
∫
dΩ
f(Ω, T )− f(ωpi, T )
(p0)2 − (ωpi − Ω)2 + iε
(
− 1
π
)
ImTMpi(Ω, ~p+ ~q;T ) . (9)
III. RESULTS
The self-consistent determination of the meson self-energies has been done in Ref. [22] and we show here the results
for the most relevant mesons, D and D∗. Their zero momentum spectral functions are shown in Fig. 1 as functions
of energy p0 for various temperatures. As already commented in Ref. [22], the shift of the spectral function peak,
related to the real part of the self-energy, is negligible, while the width, connected to the imaginary-part, becomes
substantially larger as temperature increases.
FIG. 1: Meson spectral function as a function of the energy p0 at temperatures T = 50, 100, 150 MeV and ~p = 0. a): D, (b):
D∗ .
In the following we discuss the effect the finite temperature spectral functions of the charmed mesons have in the
loop function and, consequently, in the amplitude TDD∗ which signals the generation of the X(3872).
The left and right panels of Fig. 2 show the real and imaginary parts of the DD∗ loop, respectively, as functions
of the total energy P 0 for a total momentum ~P = 0 and various temperatures. Below threshold we find that the
finite temperature real part retains its shape but is slightly shifted compared to the vacuum case, increasingly so with
increasing temperature. Above threshold the effect of the hot pion bath becomes more pronounced. Instead of the
sharp rise after the kink at threshold observed in vacuum, we see a smoother behaviour and a slower rise at finite
temperature, resulting in differences of about a factor two in size far above threshold. However, this is beyond the
4FIG. 2: Real part of the DD∗ loop (left panel), imaginary part of the DD∗ loop (right panel). All quantities are shown at
temperatures 0, 50, 100, 150 MeV. The dashed gray line represents the DD∗ threshold
.
energy region of interest with regard to the X(3872). For the imaginary part of the loop we see a similar behaviour.
The sharp opening of the unitarity cut at zero temperature is transformed into a smoother curve at finite temperature.
It is interesting to note that there is a substantial strength in a range of a few tens of MeV below threshold, right
where the vacuum imaginary part vanishes. This is quite significant since it means that the energy region where the
pole of the X(3872) is located is affected strongly by the surrounding pions. Thus the loosely bound X(3872) is an
excellent candidate to study the effect of the hot medium compared to more tightly bound states.
The noticeable effect of temperature on the DD∗ loop around threshold is due to an important modification of the
Dπ and D∗π interactions in a hot medium composed essentially of pions. It is precisely the self-energy of the D and
D∗ mesons what makes their corresponding spectral functions acquire a substantial width, affecting the value of the
DD∗ loop especially around threshold. We note that the null contributions of the diagonal Dsπ and D
∗
sπ potentials
[23, 24] make these unitarized interactions substantially weaker than their non-strange Dπ and D∗π counterparts,
which would be reflected into narrower Ds and D
∗
s spectral functions. This, together with the fact that the DsD
∗
s
channel lies about 300 MeV above the relevant region of interest for the X(3872) meson, justifies evaluating the GDsD∗
s
loop with delta-type distributions for the Ds and D
∗
s spectral functions.
FIG. 3: Absolute value of the unitarized amplitude for DD∗ scattering at temperatures 0, 50, 100, 150 MeV. The dashed gray
line represents the DD∗ threshold, the vertical line represents the stable X(3872) at T = 0 MeV .
The solution of Eq. (3) with hot medium modified loops gives rise to unitarized amplitudes from which the properties
of the X(3872) can be extracted. In Fig. 3 we show the absolute value of the DD∗ scattering amplitude for various
temperatures. These results illustrate the impact that the modifications of the loop function discussed in the previous
5paragraphs have on the dynamical generation of the X(3872). The most important observation is that the peak
associated to the X(3872) becomes significantly wider with increasing temperature. This is due to the combination
of two effects. Firstly, the peak broadens because of the appearance of a finite imaginary part of the amplitude at the
pole position when temperature effects are included. Secondly, the repulsive shift in the real part of the loop below and
around threshold, as clearly seen in the inset of Fig. 2(a), implies that the resonance is generated at higher energies,
moving the peak position from slightly below threshold in vacuum to some MeV above it at finite temperature. This
shift increases the width of the X(3872) tremendously since it can decay into most of the D and D∗ meson spectral
strength.
From the line shape of the amplitude we derive the X(3872) width, going from being stable at zero temperature to
values ∼10, ∼30 and ∼60 MeV at temperatures 50, 100 and 150 MeV, respectively. Thus, at typical kinetic freeze out
temperatures for RHIC and LHC, the X(3872) can not be considered as a loosely bound (deutron-like) DD∗ bound
state. For example, in the calculations of the ExHIC collaboration [18] the freeze out temperature was established
between 115 and 119 MeV and out results indicate that the X(3872) would be converted into a resonance with a width
of about 40 MeV. In fact, during the whole hadronic phase of the reaction the width of X(3872) would slowly be
changing from about 65 MeV at the hadronization temperature (162 MeV at the highest RHIC energy and 156 MeV
at LHC [18]) to 40 MeV at freeze out. Our expectation is that such a displacement of the X(3872) peak above
the threshold together with the related broadening of its shape should translate, according to the hadron coalescence
model, into a lower estimation of production yields for a molecular-likeX(3872) state in energetic relativistic heavy-ion
collisions.
IV. SUMMARY AND CONCLUSIONS
In this work we have explored the properties of the X(3872) in a hot pionic medium assuming this resonance to
be a molecular state generated by the interaction of DD¯∗ + c.c. pairs and associated coupled channels. The model
employed considers the broadening of the D and D∗ mesons in the pionic medium as a consequence of their self-
energies, developed from the corresponding Dπ and D∗π temperature dependent amplitudes. Once the properties of
the D and D∗ mesons in a hot pionic medium are incorporated in the loop functions of the Bether-Salpeter equation,
the properties of the generated X(3872) can be inferred from the resulting DD∗ amplitude.
We find a substantial broadening of the X(3872) of a few tens of MeV when temperature effects are considered.
The behaviour of the X(3872) presented here is a unique feature of the molecular interpretation and is due to the
relatively strong interactions of the charmed mesons with the pion bath. A tetraquark-type state would barely change
its behaviour under the same circumstances.
It has been argued that if the X(3872) is a molecular state it will be produced by hadron coalescence at the end of
the hadronic phase with yields at least one order of magnitude higher than the surviving abundance, in the hadronic
phase, of tetraquark-type states produced at the mixed phase by quark coalescence [16–18, 20]. These estimations
would need to be revisited in view of the findings of the present letter, as the temperature dependent widening of the
X(3872) established here will influence the predictions of its production yield in the molecular scenario. We hope that
the consideration of our results would help in finding a more realistic prediction of the heavy-ion collision observables
that have been argued to be additional indicators for establishing the nature of the X(3872).
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